UNCLASSIFIED 


AD  NUMBER 


AD476494 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  Dec  1965. 
Other  requests  shall  be  referred  to  Army 
Biological  Labs.,  Fort  Detrick,  Frederick, 
MD  21701. 


AUTHORITY 


Biological  Defense  Research  Lab  ltr  dtd  28 
Sep  1971 


THIS  PAGE  IS  UNCLASSIFIED 


HNICAL  MANUSCRIPT  270 


5  OF  THE  EFFECTS  OF  OXYGEN 
PHILIZED  SERRATIA  MARCESCENS 


Robert  8.  r>«wofd 


UNITED  STATES  ARMY 
*<!0!,00!CAI  LABORATORIES 
FORT  DETRICK 


U.s.  ARMY  BIOLOGICAL  LABORATORIES 
Fort  Detrick,  Frederick,  Maryland 


TECHNICAL  MANUSCRIPT  278 


KINETICS  OP  THE 


EFFECTS  OF  CKYCEN  ON  LYOPHILIZED  SKRRATIA  MARCESCEKS 


Robert  a.  Dewald 


Physical  Science?  nivicion 
DIRECTORATE  OF  BIOLOGICAL  RESEARCH 


Project  IB52230LA08001 


December  1965 


3 


ACKNOWLEDGMENTS 


The  author  it  Indebted  to  Messrs.  Milton  Shon,  George  Hess,  and 
Leonard  Zitssaerman  for  valuable  advice  during  thia  study  and  expresses 
his  appreciation  to  Mrs.  Eileen  C-  Coapbell  and  Mr.  Peter  Castrlc  for 
their  excellent  technical  assistance.  The  author  is  also  very  grateful 
to  Dr.  D.I-C.  Wang  for  many  helpful  discussions. 


ABSTRACT 


1)116(1  Serratla  marcescens  (ATCC  strain  14041)  were  exposed  to  various 
partial  pressures  of  oxygen  and  nitrogen.  The  colony-forming  ability  of 
the  organisms  was  rapidly  destroyed  during  exposure  to  oxygen  but  Unimpaired 
by  exposure  to  purified  nitrogen.  The  degree  of  inactivation  depended  upon 
temperature,  time,  and  the  partial  pressure  of  oxygen  regardless  of  whether 
pure  oxygen  or  dry  air  was  used.  The  inactivation  by  oxygen  followed  the 
expression  -ln!J/H0  -  k[02]  2  vhere  N0  and  N  are  the  number  of  viable 

organisms  before  and  after  exposure  respectively,  C02]  is  oxygen  concen¬ 
tration,  t  is  time,  and  k  the  rate  constant.  At  25  C,  k  was  276±36 
coles-^^cc^'^hr"1'2  for  oxygen  pressures  between  5.5  and  258  torr. 

In  the  temperature  range  between  -78  and  40  C,  the  rate  constant  may 
be  expressed  as  k  -  io-)'95iO*^2ex  pt  (-430±26)cal/RT]moles”1'3ccl/3hr'’1/2. 


Best  Available  Copy 


I.  INTRODUCTION 

Rogers1  was  one  of  the  first  investigators  to  recognize  the  lethal 
effects  of  oxygen  on  lyophilized  organisms.  Later  Naylor  and  Smith* 
reported  reeults  that  substantiated  Rogers'  retults.  These  investigators 
reported  that  survival  was  highest  for  organist-*  storeu  under  vacuum  and. 
lowest  for  those  stored  in  air  oi  oxygen.  Atmospheres  oi  nitrogen,  hydro¬ 
gen,  and  carbon  dioxide  yielded  intermediate  results.  Scott3  indicated 
that  the  el  feet  of  the  atmosphere  upon  the  survival  of  dried  bacteria 
depended  upon  the  nature  of  the  sus^pendlng  medium  and  its  moisture  con¬ 
tent.  Recently  Lion  and  Rergmann  *  listed  nuuierous  substances  that 
protect  lyophilized  Lecher i cnla  coll  against  the  lethal  effects  of 
oxygen.  Lion*  suggested  that  a  prerequisite  for  effective  protection 
against  oxygen  in  the  dry  state  16  the  accumulation  of  the  solute  around 
the  bacteria,  which  he  assumed  to  have  occurred  during  lyophllization. 
Eer.edict  et  al.  reported  th«r  oftospher ic  oxygen  killed  95%  of  dried 
Serrat ia  tnarceacens  <n  10  minutes,  that  certain  reducing  agents  prevented 
the  action  of  the  oxygen,  and  that  humidity  seemed  to  play  no  role  in  the 
phenomei  on. 

The  nature  of  the  adverse  effect  of  oxygen  on  dried  bacteria  is  still 
not  understood.  Lion,  Kirby-Cmith,  and  Randolph8  showed  that  free  radical 
production,  measure;’  by  an  increase  in  the  relative  electron  paramagnetic 
resonance  (ERR)  signal,  occurred  when  dry  f_.  col  1  was  rtored  in  the 
presence  of  oxygen.  mat;  escens  was  shown  to  exhibit  the  same  phenome¬ 
non  by  Piaanick.  Hecklv.  and  Hollis.9  The  EPS  studies  were  extended  by 
b>ckiy  et  nr.  to  include  the  effects  of  moisture,  selected  protective 
additives,  and  other  environmental  factors  Lion  and  Avi-Dor**  showed 
that  nicotinamide  adenine  dinucleotide  (NADH)  oxidase  activity  was 
inhibited  in  lyophilized  E.  coli  after  exposure  to  oxygen.  Hess1*"  h3s 
recently  reported  that  S.  marceacena  were  rapidly  Inactivated  when  aero¬ 
solized  in  air  but  that  their  colony -forming  ability  vras  almost  unimpaired 
when  the  organiama  were  aerosolized  in  relatively  pure  nitrogen. 

This  investigation  waa  undertaken  to  determine  (1)  a  rate  expreesion 
for  the  inactivation  of  dried  0.  marcescens  by  oxygen,  (ii)  the  Arrhenius 
parameters  for  inactivation,  and  (ill)  whether  the  lethal  effects  of  oxygen 
observed  when  water  suspensions  of  S..  matcescens  are  aerosolized'*  are 
similar  to  those  observed  when  lyophilized  organisms  are  exposed  to  oxygen. 
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TI.  MATERIALS  AND  METHODS 


The  methods  for  growing  the  S,.  marcescens  (Fort  Detrick  strain  8UK, 

ATCC  strain  14041),  determination  of  viable  ceil  populations,  lyophiliza- 
t ion,  and  rehydration  were  described  previously.  Triply  washed  bacterial 
suspensions  containing  about  2  x  10*0  organisms  per  ml  were  routinely  used. 
From  45  to  707.  of  the  viable  cell  populations  in  the  parent  suspensions 
survived  lyophilization  and  these  dried  materials  were  used  for  the 
various  studies. 

The  oxygen  (Southern  Oxygen  Company,  Hagerstown,  Md.)  used  was  pre¬ 
dried  by  passing  it  through  a  trap  of  activated  sili-a  gel  at  dry  ice 
*-emperature8.  The  dried  oxygen  was  stored  in  2-liter  flasks  on  the  high 
vacuum  manifold  and  used  as  needed.  Room  air  was  dried  and  stored  in  the 
same  manner  prior  to  use.  Nitrogen  containing  less  than  10  ppm  of  water 
and  less  than  2  ppm  of  oxygen  was  obtained  from  J.T.  Baker  Chemical  Co., 
Phillipsburg,  New  Jersey,  in  sealed  pyrex  bulbs.  The  nitrogen  was  further 
treated  to  reduce  the  oxygen  content  by  allowing  it  to  remain  in  contact 
with  a  mirror  of  vacuum-distilled  sodium  metal  for  a  few  days.  Gas  pres¬ 
sures  were  measured  with  a  McLeod  gauge  or  mercury  manometer.  Contact 
of  mercury  vapor  with  the  test  organisms  was  avoided  ly  using  cold  traps. 

The  bacterial  suspensions  were  lyophilized  at  less  than  1(T®  torr  in 
20 -ml  ampoules  containing  glass  beads  of  4  mm  diameter.  Immediately  pre¬ 
ceding  exposure,  the  ampoules  were  slightly  Jarred  to  break  up  the  dried 
caked  material  with  the  glass  beads.  At  the  beginning  of  this  study, 
dried  samples  were  vigorously  shaken  to  determine  whether  this  would 
increase  the  exposure  surface  of  the  dried  material,  thus  resulting  in 
a  possible  Increase  in  the  rate  of  inactivation  during  exposure. 

Vigorous  shaking  in  the  presence  of  the  glass  beads  led  to  inactivation 
of  a  substantial  percentage  of  the  organisms,  but  with  gentle  Jarring  the 
mechanical  destruction  was  negligible.  In  both  cases  the  remaining 
viable  organisms  decayed  at  the  same  rate  when  exposed  to  *  given  partial 
pressure  of  oxygen.  Organisms  dried  in  the  absence  of  the  glass  beads, 
however,  shewed  slower  and  nonreproduclble  inactivation  rates  during 
exposure.  During  the  exposure  studies  at  25  C,  ampoules  containing  the 
dried  organisms  were  immersed  in  a  water  bath  thermostatically  controlled 
at  25  C  (±0.5). 

Dried  organisms  to  be  exposed  to  dry  air  at  temperatures  below  25  C 
were  cooled  to  the  desired  temperature  before  the  air  was  introduced. 

After  the  1-hour  exposure,  the  ampoules  were  evacuated  and  warmed  to 
25  C  before  rehydration. 


Some  survival  vs.  time,  data  obtained  by  exposing  lyophillzed  £. 
marcescens  at  various  pressures  of  oxygen,  dry  air,  and  nitrogen  are 
plotted  In  Figure  1.  No  loss  In  viability  could  be  detected  when  the 
dried  organisms  were  held  under  vacuum  (pressures  less  than  1  CT°  torr) 
for  periods  up  to  3  hours.  The  semi -logarithm  plot  of  N/N0  vs.  time 
Indicates  that  the  decay  rate  decreases  as  time  Increases  for  a  given 
partial  pressure  of  oxygen.  Since  no  pressure  changes  were  detected 
during  these  studies.  It  was  concluded  that  oxygen  inactivation  results 
reported  in  this  paper  are  representative  or  tne  effects  of  a  large 
excess  of  oxygen  compared  with  those  of  the  amount  required  for  the 
inactivation  observed  during  the  exposure  period. 

Figure  2  shews  the  dependence  of  viability  upon  the  partial  pres¬ 
sure  of  oxygen  after  and  1-hour  exposures  at  25  C.  The  extreme 
sensitivity  of  the  dried  fuspenslons  to  low  oxygen  pressures  was  pro¬ 
nounced;  about  757,  of  the  organisms  were  inactivated  in  %  hour  by 
oxygen  at  a  pressure  of  10  torr.  Also,  losses  in  viability  after  exposure 
to  dry  air  were  identical  to  those  obtained  with  pure  oxygen  when  both 
were  normalized  to  the  same  partial  pressures  of  oxygen. 

Figure  3  gives  another  representation  of  the  inactivation  curves 
given  in  Figure  1.  Plots  of  log  N/N0  vs.  (tirae)^  fitted  all  the  sur¬ 
vival  data  well.  It  should  be  noted  that  the  straight  lines  obtained 
for  the  various  partial  pressures  of  oxygen  extrapolate  to  N/N0  *  1 
at  t  -  0.  A  rate  expression  for  the  oxygen  inactivation  of  lyophillzed 
55.  marcescens  can  be  written:  -lnN/N0  *  K  t$  where  K  is  a  pseudo  rate 
constant  dependent  upon  the  partial  pressure  of  oxygen,  and  t  is  time. 

Vr  3  pseudo  rate  constants.  It's,  for  all  the  oxygen  inactivation  data 
vure  obtained  by  determining  the  slopes  of  log  N/N0  vs.  (time)*  plots 
oy  the  least-squares  method.  These  data  are  given  in  Table  1. 

The  pseudo  rate  constant  is  related  to  the  oxygen  concentration  by 
the  expression: 

K  -  kC02Dn 

or 

logic  K  ■  n  log^t^D  +  logic  k 
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Figure  2. 


Oxygen  Pressure,  torr 

Seal  -Log  Plot  ol  Survival  va.  Oxygen  Preasure  after  %  (Una  A) 
and  1  Hour  (line  B)  Expoeurue  to  Qxt-jh  or  Partial  Praaaurea  of 
Oxygen  In  Dvy  Air;  H0  and  N  are  the  Nuaber  of  Viable  Organlear 
bef're  and  after  Expoeure  Reapectively.  Open  clrclee  and  aquarea, 
pure  oxygen:  cloaed  clrclee  and  aquarea,  partial  preaaure  of 
oxygen  In  (  ry  air. 
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TABLE  1.  KINETIC  DATA  FOR  THE  INACTIVATION 
OF  SERRATIA  MARCESCENS  BY  OXYGEN 


Oxygen  Pressure, 
torr 

Oxygen 

Concentration,-' 

1  (T7  mole/cc 

moles“^^cc^7^hr“^7^ 

258 

139 

6.51 

271 

V 2 

92.5 

5.50 

261 

16<£' 

86.1 

5.17 

252 

159— 7 

85.5 

6s  13 

300 

121  , 

65.0 

5.27 

283 

1K&' 

59.2 

4.79 

275 

71.6 

38.5 

4.15 

264 

53 . 7— 7 

28.9 

3.85 

271 

37.7fc/ 

20.3 

4.28 

337 

30. 82/ 

16.6 

3.02 

258 

23.6 

12.7 

3.31 

306 

11.0 

5.92 

2.11 

251 

8.0  . 

4.30 

1.85 

245 

7.8^/ 

4.20 

2.29 

306 

5.5 

2 '.’96 

1.78 

267 

a.  Calculated  by  using  the  Ideal  gas  law. 

b.  Dry  air  used  as  source  of  oxygen. 


where  n  Is  the  order  of  the  rate  expression  In  oxygen  and  k  Is  the  rate 
constant.  A  plot  of  the  logu  of  the  pseudo  rate  constant,  K,  vs.  logu 
of  the  oxygen  concentration  Is  given  In  Figure  4.  A  least -squares  fit 
of  the  data  yields  a  slope  of  0.328±0.022,  which  is  approximately  1/3. 
Therefore,  the  Inactivation  by  the  oxygen  can  be  expressed  as  follows: 

-lnN/N0  -  kC02] 1/3 t 1/2 

where  N0  and  N  are  the  number  of  viable  organisms  before  and  after 
exposure  respectively,  to2]  is  the  oxygen  concentration,  t  Is  time, 
and  k  is  the  rate  constant,  which  was  found  to  be  276±36  moles’^cc^hr"1^ 
at  25  C. 
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Dried  organisms  were  exposed  to  dry  air  at  atmospheric  pressure  for 
1  hour  *t  -76,  "15,  0,  and  40  C.  The  values  obtained  for  the  viability 
looses  were  corrected  for  the  losses  that  occur  when  dried  organisms 
under  vacuum  are  subjected  to  the  various  temperatures  for  1  hour.13 
The  corrected  values  of  N/N0  were  then  used  to  estimate  the  rate  constant, 
k,  for  the  various  temperatures.  The  results  are  plotted  as  the  Arrhenius 
function  in  Figure  5.  A  line  determined  by  the  least -squares  method 
through  the  points  for  -78  to  40  C  yields: 

k  «■  10J*  £_43Qj;26)cai/RT]niGie8'*'/3ccl/2kr-l/2 


TV.  DISCUSSION 


Lyophilized  S-  marcescena  rapidly  become  nonviable  when  exposed  to 
oxygen  or  dry  air.  The  degree  of  this  inactivation  was  found  to  be 
dependent  upon  time,  temperature,  and  the  partial  pressure  of  oxygen. 

Lion  and  Bergmann  reported  results  on  the  inactivation  of  lyophilized 
E.  co li  by  oxygen.  Their  qualitative  results  are  In  agreement  with  those 
of  this  work,  but  they  did  noc  report  a  rate  expression  for  the  inactiva¬ 
tion  process.  However,  their  survival  va^time  data  rit  the  log  N/N0  vs. 
(time) 1/2  relationship.  Dunklin  and  Fuck1*  reported  decay  data  of  air¬ 
borne  organisms  cud  shewed  that  the  decay  was  more  cependent  on  relative 
humidity  (RH)  iu  the  presence  rhnn  fr  the  sbcer.cc  cf  added  solutes.  They 
considered  the  inactivation  process  as  consisting  of  an  initial  rapid 
first-order  rate  process  followed  by  a  slower  one.  However,  their  data 
cen  be  represented  with  equal  success  by  a  log  R/K0  v«.  (time)*-'^  plot 
indicating  that  two  different  decay  processes  are  not  necessary  to  explain 
their  data.  Hess  haa  reported  a  study  on  the  inactivation  of  aerosolized 
.£.•  a^rcescens  in  atmospheres  containing  various  oxygen  contents.  Figure  6 
gives  e  comparison  cf  the  inactivation  reported  by  Hess  for  aerosolized 
organisms  with  the  result  of  the  present  work.  There  appears  to  be  no 
marked  difference  in  the  degree  of  inactivation  after  %  hour  as  a  function 
of  the  partial  pressure  of  oxygen  in  the  two  systems.  It  should  be  noted 
that  Hess’  data  were  generated  at  40%  RH  but  07.  RH  was  used  in  this  work, 
hence  direct  comparison  is  net  completely  valid.  However,  preliminary 
studies  conducted  in  this  laboratory  on  the  inactivar < or  rf  lyc^hilized 
£.•  marcescena  by  oxygen  ir.  humidified  air  indicate  that  the  degree  of 
inactivation  of  washed  lyophilized  organisms  va»  essentially  independent 
of  RK  between  07.  and  857,,  but  when  organisma  were  lyoph.lized  from  suspen¬ 
sions  containing  0.05%  NaCl  there  was  a  marked  RH  dependence  upon  the 
degree  of  iuactlvction  by  air.  The  results  of  these  experiments  will  be 
reported  elsewhere  later.  Hess  pointed  cut  that  the  inactivation  by 
oxygen  was  the  major  cause  of  death  when  S.  marcescena  were  subjected 
aeroeolization  in  atmospheres  o£  dehydrating  levels  of  RH._  Webb16 
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suggested  that  the  lethal  effects  in  the  aerosol  are  due  to  collapse  of 
protein  structures  upon  dehyoratlon  and  later  reported  additives  that  vere 
capable  of  replacing  cellular  water  thus  increasing  the  survival  of  aero¬ 
solized  jS.  tnarcegcer.e.  *  It  appears  that  Webb  overlooked  the  inacuivati cm 
by  oxygen;  this  is  understandable  when  one  considers  the  extreme  sensitivity 
of  dehydrated  organisms  to  even  small  oxygen  concentrations  (Fig.  2). 

Some  remarks  about  kinetic  Interpretation  of  these  data  seem  warranted 
at  this  time.  The  amount  of  oxygen  required  for  inactivation  is  email 
because  no  pressure  changes  were  detected  during  the  exposures  (pressure 
changes  >5Z  could  have  been  detected).  Lion,  Kirby-Smith,  and  Randolph6 
came  to  a  similar  conclusion  in  their  work  on  the  inactivation  cf  E.  coll 
by  molecular  oxygen.  The  role  played  by  molecular  oxygen  in  the  Inactiva¬ 
tion  process  i s  unknown  and  it  would  be  meaningless  at  this  time  to  formu¬ 
late  a  mechanism  only  on  the  basis  of  rate  data.  The  preliminary  kinetic 
studies  reported  in  the  present  work  as  well  at  those  of  Lion  and  Bcrgmann 
show  that  the  Inactivation  process  is  not  simply  pseudo  first-order.  In 
fact,  the  integrated  rate  exor^ssion  found  here  suggests  tha>.  a  chain 
mechanism  involving  radicals4’  0  is  probably  occurring  during  the  inacti¬ 
vation  process. 

It  would  he  of  interest  to  compare  the  integrated  rate  expression 
reported  here  with  that  of  other  atmospheric  gases  that  impair  viability. 
More  kinetic  data  In  this  area  should  be  useful  in  explaining  the  air 
sterilization  of  microorganisms. 
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Dried  Serratia  marcesceas  (ATCC  strain  14041)  were  exposed  to  various  partial 
pressures  of  oxygen  and  nitrogen.  The  colony-forming  ability  of  the  organisms 
was  rapidly  destroyed  during  exposure  to  oxygen  but  unimpaired  by  exposure  to 
purified  nitrogen.  The  degree  of  inactivation  depended  upon  temperature,  time, 
and  the  partial  pressure  of  oxygen  regardless  of  whether  pure  oxygen  or  dry  air 
was  used-  .The  Inactivation  by  oxygen  follcved  the  expression  -lnN/Nu  ” 
kcDui^'^t*'^  where  t<0  and  M  are  the  number  of  viable  organisms  before  and  after 
exposure  respectively,  [03]  is  oxygen  concentration,  t  ie  time,  and  k  the  rate 
constant.  At  25  C,  k  vas  276+34  moles” ‘'^cc^'^hr-*'^  for  oxygen  pressures 
between  5.5  and  258  torr.  In  the  temperature  range  between  -78  and  40  C,  the 
rate  cons?  ant.  may  he  expressed  as  k  »  I(j4 . 5  j'  0.42Cxj,[  (  -480'  2b)c-u  1  /R'l] 
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